Abstract Global climate change is affecting Africa, as it is every other continent and region of the world. The absolute poverty of a large proportion of the continent's people renders them highly vulnerable to changes in climate. Mitigation of climate change is a global imperative. However, numerous other changes continue apace, notably population growth, natural resource degradation, and rural-urban migration. Probably 50% or more of the continent's population rely on groundwater. This paper explores the relative impacts of changes in climate, demography and land use/cover on groundwater resources and demands. It concludes that the climate change impacts are likely to be significant, though uncertain in direction and magnitude, while the direct and indirect impacts of demographic change on both water resources and water demand are not only known with far greater certainty, but are also likely to be much larger. The combined effects of urban population growth, rising food demands and energy costs, and consequent demand for fresh water represent real cause for alarm, and these dwarf the likely impacts of climate change on groundwater resources, at least over the first half of the 21st century.
INTRODUCTION
It has been estimated (Carter & Bevan, 2008 ) that between one third and one half a billion people in sub-Saharan Africa use protected or unprotected groundwater for their daily water supply. Extending this estimate to the entire continent probably implies at least the upper end of that range, in other words that about 50% of Africa's nearly one billion population rely on shallow or deep groundwater.
The reality of climate change is almost undisputed now, and the findings in the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC, 2007a,b) are stronger and more definite than ever before. The planet is warming, largely as a consequence of anthropogenic emissions of greenhouse gases. Rainfall and evapotranspiration rates are changing too.
Changes in mean annual rainfall, as well as in its temporal and spatial distribution, would be expected to influence the water balance as a whole, and groundwater recharge in particular. The question of the likely impact of climate change on renewable groundwater resources is highly relevant, but under-researched (Kundzewicz et al., 2007 (Kundzewicz et al., , 2008 .
Feedbacks between climate change and population growth on one hand, and land use, land cover, hydrology and water resources on the other are complex, and the relationships involved likely to be highly nonlinear.
Global climate change is probably the highest profile environmental issue at the present time, and its seriousness provides some justification for that prominence. However, over the next few decades a more serious issue for less developed countries is the inexorable march of population growth. Just as climate change might be expected to affect future groundwater resources, so too an expanding population will place ever-increasing demands on water resources. Furthermore, population growth will indirectly impact on water resources, in ways that are not yet fully understood.
A number of questions arise in this context, when thinking about Africa's groundwater: (a) What is likely to be the impact of global climate change on rainfall, other water balance components and groundwater recharge? (b) What will be the likely future increase in demand for groundwater due to population growth? (c) How might demographic changes in turn affect the water balance, and groundwater recharge in particular? (d) In terms of future research and action, where should our priorities lie?
In this paper an attempt is made to quantify the likely magnitudes of future change where that is possible, and to at least indicate in qualitative terms the likely direction and magnitude of other aspects. In order to explore the issues, first the global context of climate change is sketched; next the African rainfall context is described, with special reference to five countries spanning a range of climatic regions in Africa. After that, the likely trajectories of change in rainfall across Africa and the focus countries are summarised. The possible impacts of future rainfall change on groundwater recharge are discussed. Projections of demographic change in Africa as a whole and the focus countries are set out in detail. The possible impacts of demographic change on recharge are discussed. Finally, some of the key linkages between climate change, population and groundwater are highlighted, and conclusions are drawn.
GLOBAL AND AFRICAN TEMPERATURES
Global mean temperatures are known to have been rising for at least the last hundred years, and there is evidence that the rate of warming is accelerating (IPCC, 2007a) . The global temperature rise in the 20th century was about three-quarters of one degree, while the rate of rise in the second half of the century was nearly double that figure. Projections of global warming over the 21st century depend on the models and scenarios used, but the best estimates by IPCC of temperature rise in the period 2080-2099 compared to 1980-1999 range from 1.8 to 4.0°C. It is important to note that the rate of warming over land surfaces is higher than that for the globe as a whole.
To the extent that data are available, the corresponding observations and projections of warming for Africa are consistent with those for the globe. For Africa as a whole warming in the 20th century has occurred at a rate of about 0.5°C per century, and the rate of warming increased in the last three decades of the century (Hulme et al., 2000) . The IPCC AR4 projections, for the A1B scenario (IPCC, 2007a) for temperature, present rather similar estimates of warming for all regions of Africa (Table 1) , varying only to a limited extent across seasons. In summary, annual mean temperatures are expected to rise by 3.2-3.6°C by the last 20 years of this century, compared to the corresponding period of the 20th century.
AFRICAN RAINFALL
Rainfall in Africa is generally characterised by high variability between years, and in some regions (especially the Sahel) by multi-year runs of higher or lower than average rainfall. Within years, Table 1 Temperature projections from a set of 21 global models in the multi-model data set for the A1B scenario, for four regions of Africa (Fig. 1) , 2080 -2099 , compared to 1980 -1999 , based on IPCC (2007a variations in starting date of the rains, end date of the rains, dry period duration, and extreme events are of great significance both for agriculture, which in the vast majority of African countries is predominantly rainfed, as well as for hydrology and water resources. In this paper, use is made of the Africa Rainfall and Temperature Evaluation System (ARTES) [For further information contact: artes@worldbank.org]. This is a set of time series of spatially averaged rainfall and temperature data for every country in Africa. It has been composed by the World Bank from gridded (0.5 by 0.5 degree) data sets supplied by the US National Oceanic and Atmospheric Administration (NOAA).
To illustrate the temporal variability of rainfall at a number of timescales within Africa, example data sets have been extracted for five countries, selected to span east, west and southern Africa and reflect a range of rainfall regimes. Table 2 lists these countries, together with mean annual rainfall for the period , and the range of annual rainfall within two standard deviations of the mean (assuming, as is usual and confirmed for these time series, that annual rainfall totals are normally distributed and that 95% of values fall within this range).
For the selected countries, it is apparent that about 95% of annual rainfalls typically lie in the range ±16-45% around the mean. These results are shown graphically in Fig. 2 . Note that the spatial averaging involved in the use of gridded data sets would be expected to underestimate the variability experienced at individual locations.
The inter-annual and multi-year variability of rainfall is illustrated by Fig. 3 , which shows annual rainfalls for Niger for the period 1948-2001. In addition to the range of annual rainfall 1 9 4 8 1 9 5 3 1 9 5 8 1 9 6 3 1 9 6 8 1 9 7 3 1 9 7 8 1 9 8 3 1 9 8 8 1 9 9 3 1 9 9 8 totals, the runs of relatively wet years (especially in the 1950s and 1960s) and dry years (in the early 1970s and mid-1980s) are evident. The relationship between soil moisture content and rainfall varies with location, depending on the soil type, vegetation cover and evapotranspiration rate, hence to draw general conclusions is impossible. However, to model recharge a knowledge of the soil water balance is required. The soil water balance is affected as much by within-year rainfall variation as by total seasonal or annual rainfall. Hydrologically effective rainfall (HER), in other words that which produces direct runoff and groundwater recharge, is usually characteristic of a particular season in which, for runoff, rainfall intensities are high, and for groundwater recharge, rainfall exceeds actual evapotranspiration and soil water content increases to the point at which potential recharge can occur. For example, in unimodal rainfall regimes (illustrated best by the Niger, Sudan and Malawi examples in this paper), HER is characteristic of the mid to end of the rains (August-September in Niger and Sudan; January-March in Malawi). For all five of the countries considered in this paper, the inter-annual variation in the rainfall for a particular month is, unsurprisingly, highest in percentage terms for the driest months, but greatest in absolute terms for the wettest months. This point is important when interpreting climate change projections expressed in terms of percentage change. Table 3 and Fig. 4 illustrate the inter-annual variability of monthly rainfalls for the countries selected in this paper.
AFRICAN RAINFALL: PROJECTIONS OF CHANGE
Projections of future rainfall change show much greater variability than temperature, and they vary by region and season (Table 4) . Mean annual rainfall is likely to decrease in Mediterranean Africa, the northern Sahara, and southern Africa. Mean annual rainfall is likely to increase in east Africa.
There is uncertainty about the southern Sahara, Sahel and Guinean coast. Note that the largest projected percentage changes tend to correspond to the driest (sometimes completely dry) periods. The four African regions used in the regional analyses of IPCC are large and climatically heterogeneous (IPCC, 2007) . Higher resolution analysis is clearly needed, and despite the IPCC's comment that "… the extent to which current regional models can successfully downscale precipitation over Africa is unclear …", there would appear to be little alternative to such downscaling if a more nuanced assessment of likely change is required.
As an indication of the possible trajectories of change in rainfall, data from the HadCM3 model, run with the A2 and B2 scenarios, is presented. HadCM3 is a coupled atmosphere-ocean general circulation model developed at the Hadley Centre in the UK (Gordon et al., 2000) . The HadCM3 model outputs are presented for rectangular pixels surrounding grid points spaced 2.5° latitude and 3.75° longitude apart. These spacings translate to roughly 280 km × 420 km at the equator. Figure 5 shows the grid points on a map of Africa. Table 5 summarises the projections for five selected grid points, one for each of the countries used in this paper. Table 5 .
In order to further corroborate these projections, the Tyndall Centre country data set TYN CY 3.0 (Mitchell et al., 2004; Mitchell & Jones, 2005) was accessed, in order to examine rainfall projections to the year 2100. This data set contains country-by-country summaries of baseline and projected temperature, precipitation and other meteorological variables, obtained from four models, each run with four emissions scenarios. Among these are the HadCM3 model and the A2 and B2 scenarios. Table 6 sets out the results from this model and scenarios, while Fig. 6 shows the results of all 16 runs (four models × four scenarios) for one country (Uganda).
Comparison of Tables 5 and 6 highlights some apparent contradictions in the direction and magnitude of rainfall change. It should be noted that the tables refer to different geographical areas (Table 5 to a single 2.5° x 3.75° pixel per country, Table 6 to entire countries) and different timescales (Table 5 to 2050, Table 6 to 2100). Nevertheless the differences draw attention to the Projections of monthly rainfall change for Uganda (Mitchell et al., 2004) . Models used are: CGCM2, CSIRO2, HadCM3 and PCM13, with SRES scenarios A1FI, A2, B2, B1; y-axis is projected change in mean monthly rainfall (mm) by 2100, compared to 1961-1990. uncertainties inherent in the projections. Figure 6 emphasises this further, demonstrating as it does the wide range of rainfall projections for one country by the end of the 21st century. An important point brought out in the IPCC AR4 (IPCC, 2007a,b) is that the frequency of extreme rainfall events is likely to increase, in Africa as in other regions.
CLIMATE CHANGE IMPACTS ON FUTURE (GROUNDWATER) HYDROLOGY
Changes in runoff and groundwater recharge which may result from alterations in rainfall and evapotranspiration in the future can be inferred from previous modelling investigations. It is already known (e.g. Rushton et al., 2006; Eilers et al., 2007) that annual runoff and recharge totals are more sensitive to short-term rainfall distribution than to the annual total rainfall, especially in semi-arid areas. An extended period of medium-intensity rainfall is more likely to lead to significant recharge than either a period of high-intensity rainfall (which will lead to increased runoff) or a period of low-intensity rainfall (most of which will evaporate). Two years with the same annual rainfall may give very different values of recharge, depending on the daily rainfall distribution. Figure 7 shows the results of a daily soil water balance model (Eilers et al., 2007) , run over a 37-year period to estimate potential groundwater recharge for a cropland location (Nguru) with a unimodal rainfall distribution in semi-arid northeast Nigeria. The annual recharge and annual rainfall have been extracted from the model data and output, and plotted in Fig. 7 . The figure clearly shows the variability of recharge even among years with similar rainfall totals. A lower limit of annual rainfall, below which recharge is unlikely, is also evident (in this case between 300 and 400 mm). The variability of annual recharge is strongly influenced by the daily rainfall distribution.
It is well-known that any attempts to realistically model groundwater recharge using a soil water balance approach (arguably the only method suitable for exploration of future trends) require short period rainfall data (daily or better). This is especially so in drier climates. The present state of the art of climate change modelling cannot yet provide such rainfall data sets. In the absence of reliable knowledge of future daily rainfall time series, only indications of the direction of change can be made. Figure 8 shows the interactions between rainfall, runoff, infiltration, evapotranspiration and potential recharge in the simple single-layer water balance used to obtain the results in . In the computational model developed from Fig. 8 , runoff is a loss to the soil root zone, its magnitude depending on daily rainfall and soil properties. Evaporation and transpiration likewise represent losses from the root zone, and potential recharge (or deep drainage) only occurs once the soil water deficit in the root zone has been satisfied. Rushton and colleagues introduce the concept of near-surface storage to account for evaporation losses from rain falling on dry soil (Rushton et al., 2007) . For a given soil type and vegetation cover, recharge estimated with models such as this is very sensitive to the daily pattern of rainfall, and less so to variations in potential evapotranspiration. If soil properties change, or alternative cropping or vegetation patterns are adopted, the situation becomes even more complex. The only way to model likely future recharge is to combine credible synthetic time series of daily rainfall with possible future changes in land use and soil physical properties.
DEMOGRAPHIC CHANGE
In contrast to knowledge of the direction and magnitude of rainfall and hydrological change, the prospects of demographic change in Africa in the 21st century are known with considerable certainty. African population will grow (by about 154% between 2000 and 2050 under the UN medium variant; 119% or 193% under low and high variants, respectively) according to UNFPA (2000 UNFPA ( , 2008 . The population will become increasingly urban (by 320% over the same period), and, as elsewhere, it will age (from a median age of 19 in 2005 to 28 in 2050) (UN, 2007) . Two particular aspects of relevance to this paper are total and urban population numbers, shown here as Fig. 9 . It is well-established that demand for water grows over time as a consequence of both increasing population and changing water use patterns. Moreover, a significant aim of most water supply programmes is to increase per capita consumption, in order to enhance hygiene and health, and to secure food supply and other aspects of livelihoods. It would therefore be expected that overall demand for water will increase by at least 154% and more likely nearer to 200% in the first half of the 21st century. Africa's mean population density is projected to rise from 27 to 66 persons per km 2 between 2000 and 2050. Assuming a per capita daily domestic water consumption of 20 litres, these figures translate to 0.2 and 0.5 mm annual water consumption respectively. Neither figure would give cause for concern if population were uniformly distributed and water demand were limited to 20 litres per capita per day. Less than 0.5 mm demand for water would impose little stress on an estimated continent-wide renewable annual freshwater resource of 3930 km 3 (equivalent to 131 mm over the 30 million km 2 land mass -statistics from FAO, 2005). However, increased urbanisation and increasing per capita consumption (both for domestic purposes and in intensified agriculture and industry) do give real cause for alarm. Nine African cities now figure in the top 100 ranked by population density, and the peri-urban areas of many others have similar or even higher densities. The City Mayors website includes Lagos (more than 18 000 persons/km 2 ), Cairo and Khartoum (between 5000 and 10 000/km 2 ) and Cape Town, Durban, Accra, Lubumbashi, Pretoria and Johannesburg (each with densities between 2500 and 4000 per km 2 ). Population densities 100 to nearly 700 times the continent-wide average impose very significant stress on water resources, especially in drier parts of the continent. Similar observations apply to camps for internally displaced persons (IDPs) and refugees, where (MEA, 2005) . However, the rate of increase is likely to be higher in Africa as the per capita consumption is low currently but will increase as the population becomes wealthier. There is also an increasing demand across the continent to develop irrigation, and this is a particularly demanding use of water.
Rural population densities in Africa are also rising. In Uganda and Ethiopia, for example, rural densities are projected to rise from 90 and 53 persons per km 2 , respectively, in 2000, to 256 and 96, in 2050. When these figures are recalculated in terms of population per unit of cultivable land, the projections make uncomfortable reading (Table 7) . The most extreme of the five countries considered in this paper, Ethiopia, is expected to be the 10th largest country in the world by population in 2050. Already 83% of farming households occupy less than 2 ha, and 52% less than 1 ha. Landlessness and poverty can only be expected to increase in the future as rural populations move upwards of 8 persons per ha of cultivable land.
Others have also emphasised the dominance of the effects of population growth over climate change on water stress. Vörösmarty et al. (2000) formulated three scenarios for climate and population growth. The first scenario varied climate but fixed population and water withdrawals at 1985 levels. The second used the water demands of 2025, but used runoff and discharge based on contemporary climate. The third changed both climate and water demand. They calculated a ratio of water withdrawal to river discharge for all three scenarios at both global and continental scales and found that the difference between the second and third scenarios was minimal, suggesting that increased population will put far more pressure on water resources than climate change.
The demographic trends just outlined make three outcomes almost certain: -Increased urban populations and high population densities will increase domestic and industrial water demands, putting enormous strain on the water resources supplying towns and cities. Urban water demands are likely to increase by at least a factor of 4 by 2050 (compared to 2000). The demands of increasing population are likely to outstrip any problems caused by climate change. -Increased urban populations need feeding, and this in turn will require significant food production increases in both rural and peri-urban areas; by 2050 the urban population of Africa will have increased by nearly 950 million compared to 2000 -a figure rather close to the present day total population of the continent. -Increasing pressure on land in rural areas will of necessity accelerate the development of irrigated production, so stressing water resources there too. By 2050 the absolute growth in rural population compared to 2000 is projected to be nearly 240 million, a 45% increase. Rural and urban food security will only be achieved in a continent having such time-variant rainfall through a re-emphasis on irrigation and water management.
IMPACTS OF DEMOGRAPHIC CHANGE ON GROUNDWATER RECHARGE
Groundwater recharge is influenced by climate (rainfall and evapotranspiration), soil type (infiltrability and water holding capacity), and land cover (natural vegetation or crops). In any given environment any one of these attributes may act as the limiting factor. All three can change. Climate change is the focus of this paper, but soil properties and (especially) land use can and do change over time, sometimes very significantly. Recharge may be diffuse (or direct) resulting from excess precipitation over and above that which the soil can retain within the root zone of vegetation. The surplus moves downward as potential recharge, ultimately joining the water table as actual recharge. Alternatively it may be localised (or indirect), resulting from concentration of runoff, followed by infiltration and deep percolation.
In Africa's semi-arid and arid climates, where groundwater resources tend to be most stressed, recharge occurs by both diffuse and localised mechanisms, the relative magnitude of each depending on rainfall distribution and soil type. In this context, a number of papers describing recharge studies in various dry regions of Africa extending back to the 1950s (Carter & Barber, 1958; Jones, 1960; Leduc et al., 2001; Seguis et al., 2004; Scanlon et al., 2006 ) document significant increases in groundwater recharge consequent upon land-use change, specifically the clearing of deep-rooted natural vegetation, and its replacement by annual (short-rooted, shortduration) crops. Despite severe and extended droughts at various times in the second half of the 20th century, land-use changes of this type have been shown to increase recharge rates by an order of magnitude and bring about water table rises of up to 2.3 m/year.
Few attempts have been made to project changes in groundwater recharge that may come about as a consequence of climate change. One recently published attempt, however, appears rather alarmist (Cavé et al., 2003) . These authors present a scattergram of recharge estimations against annual rainfall for three countries in southern Africa, and conclude that a reduction in MAR from 500 to 400 mm could result in an 80% reduction in annual recharge. However, this simplistic analysis fails to take any account of either the wide scatter within the presented data, or the reasons behind that scatter, which are almost certainly to do with inter-annual daily rainfall distribution, and spatial variability of soil properties and land cover. Other authors working in a humid region of central Uganda also explored the relationship between annual recharge, modelled by a soil moisture balance, and annual precipitation, finding only a weak correlation between these values (Taylor & Howard, 1996) . However, the correlation between modelled recharge and the number of heavy rain events (>10 mm/d) was found to be stronger.
In the dry regions at least, the consensus would appear to be that land use and land management can be at least as important as climatic factors in determining groundwater recharge: " … sensitivity of recharge to land use/land cover changes suggests that recharge may be controlled through management of land use" (Scanlon et al., 2006) .
CONCLUSIONS
The analyses in this paper lead to a number of conclusions, each having enough certainty to point the way ahead: (a) Global climate change will affect Africa, as elsewhere, with projected warming of 3-4°C by the end of the 21st century. (b) The impact on African rainfall is likely to vary considerably from place to place (the GCM models and scenarios are not consistent in either the direction or magnitude of such change for particular locations). However, the impact on mean annual rainfall may be as much as ±10-20%, superimposed on a background present-day inter-annual variability of at least twice that figure. The frequency of extreme events may increase. (c) The impact of rainfall change on groundwater recharge is unknown, but it depends primarily on short-period (daily) rainfall distribution within the rainy season, and land use/land cover.
The former is not known with certainty, but past trends in land use (clearance of natural vegetation and intensification of agriculture) are likely to continue and accelerate through the present century. (d) Africa's population is increasing rapidly, with a four-fold increase in urban population and an increase in rural population of 45% projected by 2050 (compared to 2000) . This will place massively increased and concentrated demands on water resources, both for domestic and industrial use in the towns and cities, and for agricultural use in the rural areas and urban fringes. This increase in demand is likely to dwarf any likely reductions in renewable fresh water resources consequent upon climate change. (e) The consequences of population growth and urbanisation will be that the first half of the 21st century will see a significant growth in water and food-related poverty and hunger. When combined with rising energy costs, increased cultivation of biofuels and rising food prices, this should be the cause of alarm, much more so than the (unknown, and probably smaller) direct impacts of climate change. (f) Research into the likely future impact of climate change on groundwater recharge is needed, but an equal priority should be placed on: (i) monitoring of groundwater levels over the long term to establish actual change, as a reality check on models and projections; (ii) developing sound conceptual and quantified models that explicitly link climate variability and change, population growth and water demand, land use and land cover change, hydrology and water resources; (iii) quantifying likely future urban and agricultural demands on fresh water resources, and on groundwater in particular; (iv) finding environmentally and functionally sustainable solutions for the present and nearfuture water emergency represented by the massively expanding need for domestic, industrial and (especially) agricultural water in Africa.
